The formation of the ten cerebellar lobules is an unsolved problem in brain development. We report a screen for the four subfamilies of Eph receptors and their ligands (ephrins) in developing mouse cerebellum, using soluble receptor-immunoglobulin and ligand-immunoglobulin fusion proteins, and antibodies against EphA and ephrin-B proteins. Our results identify Eph receptors and ephrins as the ®rst molecules known to demarcate individual lobules during development. Staining for ephrin-A ligands is in lobule VIII as it forms, across the whole width of the cerebellum. Staining for three EphA receptors approximately coincides with presumptive lobules VI and/or VII before and just after birth, whereas a fourth EphA receptor (EphA4, which binds ligands of both subfamilies) has more widespread expression. Staining for EphB receptors is in lobules VII, VIII, and IX. Staining for ephrin-B ligands is much weaker, becomes detectable only after birth, and does not appear to be lobule-speci®c. Staining for all subfamilies spreads to at least some adjacent lobules as maturation proceeds. The lobule-speci®c patterns appear before the lobules form, and initially extend across the width of the cerebellum, in spite of the lesser conservation of the lateral extensions of the lobules. These expression patterns de®ne previously unknown developmental units and suggest that Eph family proteins may contribute to cerebellar morphogenesis. q
Introduction
The mammalian cerebellum is an elaborately folded structure. This maximises the surface area of the cerebellar cortex, where neural processing takes place, relative to the cerebellar nuclei in its core, which are the channel for output. The development of the cerebellum along its three axes is now being elucidated at a rapid pace by taking advantage of molecular markers (Mason and Sotelo, 1997; Herrup and Kuemerle, 1997; Swanson, 1998) . The major foldings are the ten lobules, separated by sulci, which are numbered I to X along the midline from rostral to caudal. These foldings are conserved in mammals and birds (Larsell, 1952 (Larsell, , 1970 . The lobulation extends laterally, but the lateral parts, which are designated by names rather than numbers, are not as regular or as conserved. The mechanisms underlying the formation of the lobules are unclear. Both climbing ®bre and mossy ®bre afferents show some degree of lobule-speci®c organisation (Welker, 1990; Mason and Sotelo, 1997; Swanson, 1998) . There is, however, no evidence that ®bre afferents in¯uence the formation of the lobules. Nor are the lobules known to map to domains of gene expression.
Two transverse boundaries of gene expression have been identi®ed in the cerebellar primordium, which coincide roughly with the positions of the two earliest sulci or ®ssures (Mason and Sotelo, 1997; Herrup and Kuemerle, 1997; Swanson, 1998) . These boundaries are the rostral or caudal limits of expression of several pattern-forming genes including the Otx, Gbx-2, Engrailed, Wnt, Gli, and Zebrin genes, and some transmitter-related genes in the adult. The ®rst boundary represents the original midbrain-hindbrain boundary; postnatally it lies in the primary ®ssure, which divides the cerebellum into the anterior lobe (later corresponding to lobules I±V) and a posterior lobe (later corresponding to lobules VI±X). This ®rst boundary is near the bottom of the ®ssure or on its caudal wall in lobule VI. The second boundary is on the caudal side of lobule VIII, just rostral to the secondary ®ssure which separates lobules IX and X from the rest of the cerebellum, and thus just rostral to the vestibulocerebellum (Herrup and Kuemerle, 1997; Wassef and Joiner, 1997; Hawkes and Eisenman, 1997; Swanson, 1998) . The same genes (notably Zebrin) also de®ne a pattern of alternating parasagittal stripes of gene expression, which subdivide the cerebellum from medial to lateral (Herrup and Kuemerle, 1997; Hawkes and Eisenmann, 1997; Swanson, 1998) . Many Purkinje cell markers show this parasagittal stripe pattern, including two receptors of the Eph family, EphA4 and EphA5 in chicks (Lin and Cepko, 1998) . But apart from the two boundaries mentioned above, no pattern of transverse stripes has been described that would correspond to the rostral-to-caudal pattern of lobules.
We now report that Eph receptors and ephrins show a pattern that uniquely de®nes lobules VI±X, and that this pattern begins to develop before morphological lobulation. These ®ndings suggest that Eph family proteins may have a determining role in lobular morphogenesis.
The Eph receptors comprise the largest family of receptor tyrosine kinases; the ephrins are their cell-attached ligands (Friedman and O'Leary, 1996; Drescher, 1997; Drescher et al., 1997; Orioli and Klein, 1997; Pasquale, 1997; Xu and Wilkinson, 1997; Zisch and Pasquale, 1997; Flanagan and Vanderhaeghen, 1998; Zhou, 1998) . There are 14 known Eph receptors and eight known ephrins, which initially had many confusing names, but are now known by a uni®ed nomenclature (Eph Nomenclature Committee, 1997). Each family is divided into two subfamilies (Brambilla et al., 1995; Gale et al., 1996) . The ephrin-A group (GPI-linked) are ligands for the EphA receptors, and the ephrin-B group (transmembrane) are ligands for the EphB receptors. Within each subfamily, most ligands bind most receptors, but there are some exceptions, and there may be more speci®city in vivo than in vitro.
Eph receptors and ephrins are very widespread in embryos, in patterns which suggest that they may be involved in many areas of patterning, boundary formation, and neural path®nding in many embryonic regions Flenniken et al., 1996; Zhou, 1998) .
Three paradigms have been established for their functions. The ®rst paradigm was a trophic activity, described for ephrin-A1 in promoting blood vessel formation (Pandey et al. 1995; Wang et al., 1998) . Ephrin-A1 also promotes survival and branching of some spinal neurons (Magal et al., 1996) , and ephrin-A5 promotes branching in some cortical neurons (Castellani et al., 1998) . The second and bestknown paradigm is repulsion of growing axons by ephrins. This is important in establishing the retinotectal map, and has also been demonstrated in other neural systems with both EphA and EphB receptors (reviews cited above; Castellani et al., 1998; Frisen et al., 1998) .
The third paradigm, perhaps most relevant to the expression patterns we will describe in cerebellum, is the establishment of boundaries in development, which may de®ne cell compartments. This has been most clearly demonstrated in the rhombomeres of the developing hindbrain, where expression of a dominant-negative EphA4 (which binds ligands of both subfamilies) leads to disruption of the normal rhombomere compartments (Xu et al., 1995) ; it also disrupts boundaries between rhombomeric neural crest streams (Xu and Wilkinson, 1997) and between eye and hypothalamus (Xu et al., 1996) .
Very recently Xu et al. (1999) have shown that the rhombomere compartmentation involves segregation of Ephpositive and ephrin-positive cells, each population being excluded from the territory of the other. Distribution patterns of Eph receptors and ephrins throughout the embryo are typically complementary and in several areas suggest boundary formation .
A method for localising cell-bound ligands is by`receptor af®nity probe in situ staining' (RAPIS), using soluble receptor-Fc (immunoglobulin Fc) fusion proteins in the manner of antibodies to bind the ligand (Cheng and Flanagan, 1994; Gale et al., 1996; Flenniken et al., 1996) . Similarly, ligandFc fusions can be used to reveal receptors. We have used this method to localize the four subfamilies of Eph receptors and ephrins in developing mouse cerebellum. Additionally, we have performed conventional immunohistochemistry with antibodies against individual EphA receptors, and against a common epitope of the ephrin-B ligands.
Results
Cerebellar lobulation in mouse and rat only begins just before birth (Larsell, 1952 (Larsell, , 1970 . At embryonic day 14.5, the cerebellar rudiment is small. Weak EphA7 expression was previously detected at E14.5 by in situ hybridization (Ellis et al., 1995) and immunohistochemistry , but it did not appear regional. EphA7 immunoreactivity was present in patches in the cerebellar core, but not near the surface. RAPIS did not reveal any expression of Eph or ephrin subfamilies in the E14.5 cerebellar rudiment (data not shown).
Here we report the expression of each Eph and ephrin subfamily from embryonic day 17.5 (E17.5; before lobulation is evident) through the ®rst postnatal day (P1; lobules forming, the posterior lobe being better developed) to postnatal day 3 (P3; all lobules well formed). In this period the Purkinje cells are already differentiated and their axons terminate in the cerebellar nuclei, but they are not fully organized in a single-cell layer. The granule cells are still proliferating in the outermost layer, the external granule layer, and postmitotic granule cells are migrating through the molecular layer and Purkinje cell layer to form the internal granule layer. Lobules are identi®ed according to Larsell (1952 Larsell ( , 1970 .
Ephrin-A ligands
Ephrin-A subclass ligands were detected in whole mounts ( Fig. 1) and sections (Figs. 2, 3 and 5) using an EphA7-Fc probe.
In sections at E17.5, staining was present only in a restricted region of the posterior cerebellum, in approximately the position of future lobule VIII ( Fig. 2A) . At P1, staining was strong in lobule VIII and its lateral extension, the para¯occulus dorsalis (Figs. 3A and 5A). Staining was absent from other posterior lobules, but present more weakly and diffusely over much of the anterior lobe (not yet lobulated). Because the continuity of lobule VIII with its lateral extension can be unclear in sections, whole-mount staining was also performed. Un®xed cerebella were stained with EphA7-AP fusion protein in a one-step reaction. Both at E17.5 and at P1, this revealed a single narrow stripe of ephrin-A expression across the entire width of the cerebellum (Fig. 1 ). This pattern shows that the lateral extension is indeed part of the same developmental unit as the medial lobule VIII, and that it is de®ned by ephrin-A expression before it can be identi®ed morphologically. In addition, at E17.5 ephrin-A staining was seen along the caudal edge of lobule X (¯occulus), at the base of the choroid plexus. At P1, this staining became restricted to the core tissue of the choroid plexus itself (Figs. 1, 2A and 3A) . At P3, the staining for ephrin-A ligands had spread to cover not only lobule VIII but also lobule IX and part of X. No staining was detected in the anterior lobe at P3.
At all these stages, staining for ephrin-A ligands was mainly detected in the external granule layer. Weaker staining was also seen below it, overlapping the Purkinje cell layer.
EphA receptors
EphA receptors were detected using both ephrin-A-Fc probes and gene-speci®c antibodies. These revealed overlapping expression patterns of three EphA receptors, centred on lobule VII, and more widespread expression of EphA4.
Antibodies against EphA3, EphA5, and EphA7 each stained a restricted dorsal patch on E17.5 cerebellum (e.g. Fig. 2B for EphA7). This appeared to pre®gure lobule VI and/or VII for EphA3 and EphA7, and a somewhat broader region for EphA5, consistent with lobular patterns seen at P1.
In P1 cerebellum (Table 1) , all three antibodies stained lobule VII. EphA3 immunoreactivity was mainly in a diagonal band of ®bres connecting lobule VII with the brainstem (partly seen in Fig. 4A ), but unlike other Eph receptors, EphA3 was not in the neuropil around the Purkinje cell layer. (Likewise, elsewhere in the brain, EphA3 immunoreactivity was mainly seen in major ®bre tracts.) Like the EphA3 antibody, EphA5 and EphA7 antibodies stained the diagonal ®bers connecting lobule VII with the brainstem, but they also stained the neuropil of the molecular layer and Purkinje cell layer in lobule VII (Fig. 4C,D ). In addition, EphA7 antibody gave similar staining in lobule VI, while EphA5 antibody stained neuropil restricted to the Purkinje cell layer in lobules IX and X.
EphA7 immunoreactivity was mapped in more detail. Although it was seen in a band right across the cerebellum at E17.5, it was down-regulated in medial cerebellum in some P1 specimens, indicating that the expression pattern changes rapidly. At P1, EphA7 immunoreactivity was always strong in lateral parts of the cerebellar cortex, corresponding to the lobulus simplex (lobule VI) and Crus 2 (lateral extension of lobule VII-posterior), as well as in the sulci that separate them from the intervening Crus 1 (lateral extension of lobule VII±anterior) (Fig. 5B,D) . Staining was weak in Crus 1, and absent from the para¯occulus and¯occulus (lateral extensions of lobules VIII±X). There Fig. 1 . Whole-mount staining of cerebella at E17.5 (left, two specimens) and P1 (right) for ephrin-A ligands with EphA7-alkaline phosphatase. Specimens include a sector of brainstem, and are viewed from the dorsal side, with anterior-posterior orientation indicated. The transverse stripe (arrowed) is lobule VIII and its lateral extension, the para¯occulus dorsalis. The second transverse stripe (asterisks) at E17.5 is the caudal edge of lobule X (¯occulus), at the base of the developing choroid plexus, which is largely detached at P1.
was also weak EphA7 immunoreactivity in the anterior lobe. In all the EphA7-positive lobules, the immunoreactivity appeared to be in the neuropil above and around the Purkinje cells, and in ®bres converging on the cerebellar nuclei, and in the cerebellar nuclei themselves. Although the immunoreactive ®bres could not be clearly resolved, most or all are likely to be processes of Purkinje cells, for the following reasons: (i) the external granule layer is negative and the internal granule layer is only weakly stained, suggesting that the granule cells do not express high levels of EphA7; (ii) there is little evidence for immunoreactivity in efferent ®bres, so the signal in cerebellar nuclei is probably due to staining of Purkinje cell axons; (iii) in situ hybridisation for EphA7 was consistent with a similar lobular pattern (data not shown), implying that the pattern is intrinsic rather than due to afferent ®bres (although many afferent ®bres may also be positive; Rogers et al., 1999) .
EphA4 immunoreactivity was more extensive than these other EphA receptors, both at E17.5 and at P1 (e.g. Fig. 4B ). It was seen abundantly in most lobules (but not lobule VIII), sometimes in blocks of ®bres which did not correlate with the lobule pattern. As it is very widespread in the brain, it could be in afferent ®bres as well as cerebellar cells. This broadly expressed receptor binds ephrin-B as well as ephrin-A ligands, but it has a lower af®nity for most ligands than other Eph receptors within each class ; therefore it may have a unique functional role within the Eph family.
Staining by RAPIS was consistent with the patterns of immunoreactivity. We tested three ephrin-Fc probes, which are all known to bind most EphA receptors, but they stained to different degrees in neonatal brain sections, probably because of differences in af®nity and/or speci®city (see Flanagan and Vanderhaeghen, 1998) . In the P1 cerebellum, staining by ephrin-A2-Fc was strong but largely restricted to the diagonal ®bre bundle connecting lobule VII to the brainstem (Fig. 3C) , like the EphA3 immunoreactivity. In contrast, ephrin-A5-Fc stained neuropil in lobule VII as well, and sometimes more (Fig. 3B) , probably including the EphA4 distribution.
After P1, expression of these EphA receptors in the Purkinje cell layer must broaden, as EphA4, EphA5, EphA6, and EphA7 have all been detected in the Purkinje cells of adult mammals, with no regional differences being reported (reviewed by Ellis et al., 1995, and Zhou, 1998) . We examined EphA7 immunoreactivity at P3; it was weak, but still distinct in lobules VI and VII and faintly visible in other lobules. For EphA5 at P7, Zhang et al. (1997) showed an in situ hybridization pattern which looked like an extension of the pattern we saw at P1; EphA5 mRNA was highest in lobules VI, VII, IX, and X, as well as in the cerebellar nuclei.
EphB receptors
EphB receptors were detected using an ephrin-B1-Fc probe. The staining was strong and strikingly lobule-speci®c. At E17.5, staining for EphB receptors was limited to a posterior zone of the cerebellum, which roughly maps to presumptive lobules VII±IX. As shown in Fig. 2 , this zone of EphB receptor expression includes the region of ephrin-A expression, but not the region of EphA7 immunoreac- tivity. At P1 the staining was restricted to lobules VII, VIII, and much of IX (Figs. 3E, 5C and 5E). At P3, the staining was more extensive, covering all of the posterior lobe (lobules VI±X) medially, although still only the extensions of lobules VII±IX laterally (Crus 2 to para¯oc-culus) (Fig. 3F) . Staining for EphB receptors was mainly in the external granule layer, although some sections showed weak staining in underlying layers. Some staining for EphB receptors was also detected in the cerebellar nuclei at P1; its cellular origin, however, could not be identi®ed because much of the brain was labeled by this probe.
EphB2 and EphB3 have been reported to be expressed in Purkinje cells in adult mammals. However, in chick EphB2 (Cek-5) was prominently detected in the external granule layer and the granule cell axons (parallel ®bres) (Pasquale et al., 1992; Zisch and Pasquale, 1997) .
Ephrin-B ligands
In an attempt to detect ephrin-B ligands, an EphB2-Fc probe was initially used. This probe did not detectably label the developing cerebellum, although it prominently labeled other areas of the embryo (data not shown). The low levels of ephrin-B ligand expression were con®rmed using an antibody that reacts with the cytoplasmic domains of all three ephrin-B ligands. This antibody strongly labeled much of the brain, especially major telencephalic tracts, as previously described . However, immunoreactivity was weak in the cerebellum compared to the rest of the brain, consistent with the lack of labeling observed with the EphB2-Fc probe. Ephrin-B immunoreactivity was undetectable in the cerebellum at E17.5. At P1 and P3, ephrin-B immunoreactivity was present in the neuropil of the cerebellar nuclei, and in a very thin layer immediately below the external granule layer (Fig. 3D) . This thin layer of ephrin-B expression was consistently present in lobules I to VII, and sometimes extended backwards to lobule VIII and (at P3) lobule IX. These data indicate that although ephrin-B immunoreactivity was not lobule-speci®c, staining for ephrin-B ligands did not overlap with staining for EphB receptors. Ephrin-B ligands and EphB receptors tended to be in different lobules or, in lobules in which they were both present (lobule VII and sometimes lobule VIII), they were localized to adjacent layers. 
Discussion
Eph receptors and ephrins are the ®rst molecules found to demarcate individual lobules of the developing cerebellum. The fact that they are already expressed before the lobules form suggests that they may play a morphogenetic role. Their initial expression patterns generally extend across the width of the cerebellum, in spite of the lesser conservation of the lateral extensions of the lobules. This suggests that the lobules and their lateral extensions are part of the same developmental unit.
Some of the boundaries de®ned by Eph gene expression may correspond to previously identi®ed boundaries of pattern-formation gene expression, but others are novel. Of the two previously identi®ed boundaries (Herrup and Kuemerle, 1997; Mason and Sotelo, 1997; Swanson, 1998) , the ®rst near the primary ®ssure is close to the anterior boundary of EphA7 expression, and the second near the secondary ®ssure is close to an anterior boundary of EphA5 expression (Fig. 3C,D) . However, most of the Eph or ephrin expression boundaries are at other locations, which separate lobules. We ®nd EphB staining in lobules VII, VIII, and IX, EphA7 immunoreactivity in lobules VI and VII (mainly lateral at P1 but seen right across the width of the cerebellum earlier), EphA3 and EphA5 immunoreactivity in lobule VII, and ephrin-A staining in lobule VIII. Further transverse subdivisions may yet exist if different members within each Eph subfamily have restricted, lobule-speci®c, distributions rather than being all uniformly expressed throughout the same region. The RAPIS technique cannot distinguish between these two possibilities, as it reveals composite patterns of expression of genes belonging to the same Eph subfamily.
A caveat concerning the RAPIS technique is that it may not reveal the presence of ligands where receptors are in excess, or vice versa Rogers et al., 1999) . It is, therefore, worth asking whether the Fc and AP probes detect the full patterns of expression. There are many areas in embryos where we detected receptor but not ligand, including cerebellar lobules VI±VII, which were positive for EphA7 expression and not for expression of ephrin-A ligands. Reported RAPIS stainings have never shown colocalization of receptor and ligand, contrary to in situ hybridization. For example, in situ hybridization showed expression of ephrin-A5 in the developing cerebral cortex (Zhang et al., 1996) and ephrin-B1 in the tectum (Bouillet et al., 1995) , whereas by RAPIS we have not detected ephrin-A nor ephrin-B ligands in these receptor-rich regions (unpublished data). Thus, in situ hybridization may detect lower levels of ligand expression, independently of the extent of receptor expression. If a ligand is complexed with excess endogenous receptor, it could be unavailable at the cell surface to bind a receptor probe, and some sites of ligand-receptor signalling could be missed. But this can also mean that the overlapping expression physiologically modulates the behaviour of the expressing cells; thus Hornberger et al. (1999) showed that high ligand levels in nasal retina desensitise the coexpressed EphA receptors. RAPIS presumably identi®es areas where receptor or ligand is in excess.
How Eph receptors and ephrins operate in the development of cerebellar lobules is not yet known. Three aspects of their expression patterns in the cerebellum may have implications for their function. Firstly, EphA receptor immunoreactivities and ephrin-A ligand staining de®ne adjacent regions with a boundary: (proto-)lobules VI±VII (EphApositive) and VIII (ephrin-A-positive). This is one of many examples where Eph receptors and ephrins are distributed in complementary patterns in tissues undergoing morphogenesis, including the rhombomeres, eyes, inner ear, and facial mesenchyme . The rhombomeres provide a precedent for how the Eph receptorephrin boundary could maintain a compartment boundary between adjacent subpopulations of cells (Xu et al., 1995 (Xu et al., , 1999 . Moreover, singly or in combination, Eph receptors and ephrins could provide lobule-speci®c identity for the cells in (proto-)lobules VI±X. At a boundary, Eph receptors and ephrins could also presumably mediate a signal for sulcus formation, for example by limiting cell division, thereby contributing to create all ®ve lobules.
Secondly, because Eph receptors and ephrins have restricted, lobule speci®c, distributions in lobules VI±X, they have the potential to regulate the different axonal connections of the lobules.
Thirdly, while immunoreactivity for EphA5 and EphA7 receptors appears to be mainly in Purkinje cell processes, staining for ephrin-A ligands and EphB receptors is mainly located in the external granule layer, and staining for ephrin-B ligands is in a narrow layer between the Purkinje cell layer and the external granule layer. In any lobule where receptor and ligand are co-expressed, these patterns would allow signalling between the cell layers, perhaps affecting granule cell development. Eph receptor-ephrin interactions could occur: (i) in the anterior lobe, where EphA7 receptor and ephrin-A ligands appear to be both expressed (though expression is weak and has not been precisely localized); (ii) in lobule VII, and possibly lobules VIII and IX, where EphB receptors and ephrin-B ligands are both expressed (though ephrin-B ligand expression is weak); and (iii) in other lobules as the expression patterns of Eph receptors and ephrins broaden during maturation. Furthermore, if there are areas in which Eph receptors and ephrins are present but not detected by RAPIS because they are engaged with each other, Eph-ephrin signalling within the cerebellum could be more extensive than we now recognize.
No cerebellar abnormalities have yet been reported in knock-out mice in which Eph family genes were inactivated. However, targeted deletions of Eph receptor and ephrin genes have so far produced phenotypes that appear very mild in comparison with the wide expression of the genes. This is probably explained by the high redundancy in developmental mechanisms in general, and in the functions of Eph family proteins in particular. We would predict that effective disruption of Eph-ephrin signalling should reveal an important role for these molecules in the lobulation of the cerebellum.
Materials and methods

Staining of whole-mounts by RAPIS
Intact fresh cerebella from E17.5 and P1 mice were used for RAPIS with an EphA7-alkaline phosphatase fusion protein as probe ( MDK1-AP; Ciossek and Ullrich, 1997) . The method was as in Ciossek and Ullrich (1997) and Cheng and Flanagan (1994) , except that incubation with probe was overnight.
Staining of sections by RAPIS
MF1 mice were used. The heads or brains were ®xed by immersion in 4% paraformaldehyde in 0.1 M sodium phosphate pH 7 for 4±6 h, then 20% sucrose/PBS overnight or longer. Sections were cut using a cryostat. At E17.5, P1, and P3, sagittal sections were used; at P1, horizontal and transverse sections were also used.
The Eph-Fc and ephrin-Fc fusions used for RAPIS have been described. They consist of the extracellular domain of the receptor or ligand, fused to the Fc domain of human IgG1. EphA7-Fc ( mouse Mdk1-Ig) was described by Ciossek and Ullrich (1997) and Rogers et al. (1999) . Ephrin-B1-Fc (mouse Cek5L-Ig) and EphB2-Fc (Cek5-Ig) were described by Shao et al. (1994) . Ephrin-A1-Fc (mouse B61-Ig), was made as described for human B61-Ig (Pandey et al., 1995) . Ephrin-A2-Fc (mouse ELF1-Ig) was described by Ciossek and Ullrich (1997) , and ephrin-A5-Fc (chicken RAGS-Ig) was made similarly. Although these three ephrins are all known to bind most EphA receptors, they stained to different degrees in neonatal brain sections, probably because of minor differences in af®nity and/or speci®city. Fusion proteins were puri®ed from supernatants of transfected cells by Protein-A-Sepharose af®nity chromatography and used at 10±40 mg/ml.
RAPIS was done using the following procedure (adapted following personal communication from N. Gale). Slides were`blocked' for 40±60 min in HBTSA (Hanks medium, 0.5 mg/ml BSA, 20 mM Tris pH 7.4, 3% sheep serum, 0.05% sodium azide), incubated with Fc fusion protein (10±40 mg/ml in HBTSA) for 2±3 h at room temperature, washed 5 £ 5 min with Hanks or PBS, ®xed in 4% PF on ice for 15 min, washed 3 £ 5 min with TBS, heated to 678C for 15 min to inactivate endogenous phosphatases,`blocked' again with 1:1 HBTSA:PBS (optional), incubated with secondary antibody for 1 h (alkaline phosphatase-coupled anti-(human IgG/Fc) (Sigma), 1:250 in the same mixture), washed 4 £ 5 min in TBS (or at 48C overnight), washed 5 min in alkaline phosphatase buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ), and then reacted with NBT/ BCIP alkaline phosphatase substrate for histochemistry.
In earlier experiments with an EphA7-alkaline phosphatase fusion protein, we compared sections of pre-®xed and fresh-frozen heads, and although colour development was severalfold slower in pre-®xed sections, they produced the same patterns in the end with better morphology. Thus the ®xation apparently did not alter the speci®city of binding.
Staining of sections by immunohistochemistry
Antibodies against EphA receptors were all raised in rabbits against the C-terminal portions. The antibodies against EphA3 and EphA5 (Santa Cruz Inc.) were raised against C-terminal peptides of 19 and 16 amino acids respectively, and do not cross-react with other Eph receptors according to the manufacturers; they were used at~1:120 (1.7 mg/ml). The antibody against EphA4 (Martone et al., 1997) , against a C-terminal peptide of 11 amino acids, was used at~5 mg/ml. The antiserum against EphA7 was raised against a fusion protein of glutathione-S-transferase to the C-terminal 111 amino acids of the receptor (SAM domain) .
The antiserum appears to be largely speci®c for EphA7 although it is dif®cult to exclude cross-reaction with other EphA receptors. As described in Ciossek et al. (1999) , this antiserum cross-reacts with some other Eph receptors on Western blots (e.g. EphA5), but absorption controls for immunohistochemistry with some of these receptors weakened some EphA7 staining patterns but did not alter them. This was the case with the cerebellar staining reported here. (In adult cerebellum this antiserum also gives strong staining of Bergmann glia due to spurious cross-reaction with a GST epitope; this is not seen in the developing cerebellum.) Also, the staining patterns seen were generally consistent with in situ hybridization for EphA7 (Ciossek et al., 1995; Ellis et al., 1995; Valenzuela et al., 1995; Rogers et al., 1999) , and were different from those seen with the other EphA receptor antibodies. Therefore, although the immunoreactivity could include a contribution from other EphA receptors, most or all of it is due to EphA7 itself.
The antibody against the ephrin-B ligands was af®nity-puri®ed rabbit polyclonal antibody C18 (Santa Cruz Inc.; kind gift of Dr R. Lindberg). This antibody was raised against the C-terminal 18 amino acids of ephrin-B1 (LERK2), a peptide sequence that is conserved in the cytoplasmic domains of all three ephrin-B ligands, and it reacts with all three according to the manufacturers. The staining pattern of this antibody in mouse brain agreed with previous reports Orioli et al., 1996) .
The antibodies were used for conventional immunohistochemistry on paraformaldehyde-®xed sections and followed by peroxidase-coupled anti-(rabbit IgG) (Vector Labs). In some reactions for EphA7, streptavidin-biotin-complex (Dako) was used; this strengthened the signal but also the background.
